INTRODUCTION
Sugarcane genetic breeding has become a decisive factor in sugar alcohol industry development in Brazil, with considerable selection gains over the years and regular release of new cultivars (Barbosa et al. 2012 , Ramalho et al. 2012 , Daros 2014 , Iaia et al. 2014 , Carneiro et al. 2015 .
New sugarcane cultivars are obtained by vegetative propagation of selected genotypes, which are obtained by sexual reproduction of suitable parents. Selection is applied to all breeding stages, from parental choice to the final evaluation phase of the network trials. Individual selection is inefficient during the early stages due to the low heritability coefficients of most traits. Nevertheless, selection based on phenotypic evaluations of individual plants is commonly performed in the early stages of genetic breeding programs (Barbosa et al. 2005 , Matsuoka et al. 2005 .
Parental selection should fall on genotypes with the characteristics of interest and good cross performances to obtain populations with good performances and containing genes of interest. Parental crosses should be carefully planned, and crosses between related individuals should be avoided to reduce the occurrence of inbreeding depression and the narrowing of the genetic base (Matsuoka et al. 2005) .
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The correct choice of parents for crosses depends on the goals and objectives of the genetic breeders, the characteristics of the parents in morphological and agronomic variables, and the progeny performance in previous crosses (Badaloo et al. 1999) . The previous performances of the parents may be inferred by calculating the selection rate, which is the ratio between the genotypes selected from each cross and the number of genotypes in that cross. The average selection rate of a parent may be used as an indicator of its general combining ability (Badaloo et al. 1999 ).
The general combining ability (GCA) is used to estimate the average performance of genotypes in various hybrid combinations and is associated with additive allele effects and additive-by-additive epistatic effects. Conversely, the specific combining ability (SCA) is used to identify specific hybrid combinations that are better or worse than the expected abilities based on the GCA and is associated with gene dominance effects (Halauer et al. 2010) .
Genetic variability of the germplasm collection is a basic need for a genetic breeding program. Knowledge of the genetic divergence among genotypes determines the success of hybridization from parental selection. Divergence between genotypes may be indirectly inferred using genealogy data, morphological and agronomic variables, or molecular markers. The SCA of a cross may also be used as an indicator of genetic divergence between parents for a given trait provided that the trait-controlling loci in question show dominance effects (Halauer et al. 2010) . This study evaluated the genetic potential of sugarcane parents based on the GCAs estimates using the selection rates of previously generated single-cross families.
MATERIAL AND METHODS
Populations derived from 3043 single crosses (biparental crosses) involving 541 parents from the sugarcane genetic breeding program of the Inter-University Network for the Development of the Sugar Alcohol Industry (Rede Interuniversitária de Desenvolvimento do Setor Sucroalcooleiro -RIDESA) were used. The single cross progenies were assumed to be full-sib families, although contaminants may occur (Santos et al. 2014) . The breeding program crosses were routinely conducted at the Serra do Ouro Flowering and Crossing Station, Murici, Alagoas state, Brazil. The seeds were sent to the federal universities (IFES) that composed the RIDESA (Barbosa et al. 2012) . Sowing was performed in each IFES, and seedlings were produced. After a nursery growth phase, the seedlings were used to outline the first selection stage (termed stage T1) and installed in their own areas and experimental areas of associated sugar alcohol industries. In this stage, the best genotypes were selected by visual evaluation and measurements of some basic traits; then, the selected clones advanced to the next stage (termed T2). The average number of replications per family in experimental fields was 2.64.
The selection rate within each full-sib family evaluated in stage T1 was the basic variable used to evaluate the genetic value of a single cross in the present study. The contribution of each breeding program to the whole set of data used in this study (8045 data) is shown in Table 1 . These data refer to crosses series RB 94 to RB 10 (1994 RB 10 ( to 2010 . The number of crosses series per breeding program varied from five (UFG and UFMT) to 17 (UFV). The variable corresponds to the ratios in percentages between the number of genotypes selected for stage T2 and the number of genotypes evaluated The selection rates of each cross were predicted using the Best Linear Unbiased Predictor (BLUP) method according to the model: . This procedure was adopted to minimize differences in the selection criteria of each program and other unmeasured effects between experiments. The predicted value of a specific cross (ρ k ,k = 1,2,...,3043) representing the adjusted average performance of its progeny in stage T1 was used to outline a partial diallel table. The use of the Restricted Maximum Likelihood (REML) mixed models method in sugarcane genetic breeding has been used for several authors (Barbosa et al. 2005 , Barbosa et al. 2012 .
Model I: Method IV proposed by Griffing (1956) was used for the combining ability analysis as follows: Y ij = μ + g i + g j + s ij , wherein Y ij is the BLUP value regarding the cross between parents i and j, μ is the overall mean, g i and g j are the general combining ability (GCA) effects of the i th and j th parents, respectively (i < j = 2,3...,541), and s ij s ij is the specific combining ability (SCA) effect of the cross between the i-and j-order parents.
The estimates of the effects and their respective sums of squares were obtained using the least squares method. The model is described using matrix notation as follows: Y = Xβ + ε, wherein Y is the vector of observed means, X is the incidence matrix, β is the vector of parameters and ε is the vector of deviations from the model. Some restrictions, like the sum of estimates equal to zero, were added to obtain unique solutions for the vector β estimate.
The matrix X was constructed using the reduced model Y ij = μ + g i + g j . The parameter estimates were obtained by β
The sum of squares of the model was obtained by SS Model = β(Xʹ Y). SCA estimates were obtained by the differences between the observed value of each cross and predicted values by model based on GCA (gˆi and gˆj) (i.e., S = Y -Xβ, wherein S is the vector of s ij estimates). The sums of squares of the diallel analysis were obtained by SS SCA = YʹY -SS Model and SS GCA = SS Model -C; C is the sum of squares regarding the constant of the model. The analysis was performed using a specific script in the R environment (R Core Team 2014).
RESULTS AND DISCUSSION

Selection rate
The selection rate varied considerably between RIDESA member institutions depending on the purpose of each program, the experimental area, the material availability, the subjective evaluation of the breeder, and the year and site in which the materials were evaluated in stage T1. The average selection rate calculated from 8045 data points resulting from 3043 different crosses was 1.84% of genotypes selected per family, with a range from 0% to 90% and a 142.04% coefficient of variation, which shows a wide variation of selection rates among crosses and among experiments. Most values ranged from 0% to 5%, thereby generating a frequency distribution skewed to near-zero values; values higher than 10% were rare (Figure 1a) . Applying the BLUP procedure to predict the genetic values of crosses proved efficient and generated a frequency distribution similar to the standard normal curve, with the higher frequency classes close to zero (Figure 1b) .
The selection rate used in the present study to evaluate the genetic potential of the parents was a composite variable derived from different primary variables used in the T1 selection stage of the RIDESA sugarcane genetic breeding program. Conceptually, the selection rate may be considered a selection index because it encompasses several variables, including vigor, health, height, and stalk diameter, depending on the criteria adopted in each IFES. High selection rates are generated in crosses (families) with higher means and phenotypic variability when considering a single selection criterion and the same sample size. Populations with low means and variances generate low or null selection rates, whereas average rates occur in populations with a low mean and high variance, high mean and low variance or with both parameters with intermediate values. (Table 1) .
Analysis of variance
The results from the analysis of variance performed according to the model by Griffing (1956) adapted for the available set of crosses are outlined in Table 2 . A mean squared error on the same scale as the other mean squares was not available because the BLUP values used in the analysis were obtained at the level of means of crosses. Thus, the significance of the general combining ability (GCA) was tested using the F test with the mean square of the specific combining ability (SCA) as a denominator, which is a conservative test that is equivalent to considering the parental effects as random. The F test was significant at a 0.1% probability level for the GCA effect. The significance of the SCA was not tested using the F test for the aforementioned reason.
Table 2 also outlines the coefficients of determination for GCA (0.231) and SCA (0.769). These values indicate that 76.9% of the total data variation results from SCA and 23.1% from GCA. Although the significance of the mean squared SCA was not tested, the R 2 value demonstrated the importance of this effect for the determination of data variation compared with the GCA. These results demonstrate the possibility of parental selection for future crosses based on the GCA and the existence of specific complementation shown in particular crosses.
The results from the GCA and SCA analysis using diallelic models are usually interpreted regarding genetic effects; the GCA is predominantly associated with the additive effects and the SCA with the non-additive effects of the genes (Silva et al. 2002 , Camacho et al. 2015 . This interpretation seemed inappropriate in the present case because the variable was a composite variable and a large number of diverse primary variables were analyzed in the selection. The SCA shown using this model may at least partially result from the interaction between genotypes and the test environments.
General combining ability
The present study focused more on the GCA effects for both the reliability and its statistical significance; the SCA effects were estimated for a limited number of crosses compared to the total crosses possible if a full diallel was available. Estimates of the general combining ability effects for the 541 parents ranged from 0.454 to -0.353. These values showed that the best parent added 0.45 percentage points to the selection rate (predicted using the BLUP procedure) of crosses in which the best parent participated. Considering that the prediction intercept was 1.770, the best parent was 25.6% higher than the average of all parents. On the opposite end, the parent that contributed least to the crosses was 19.9% lower than the parental average. The GCA estimation method reported herein consists in modeling the concept introduced by Badaloo et al. (1999) in which the average selection rate of a parent is indicative of its GCA.
The 50 best genotypes regarding the GCA are outlined in Table 3 . These parents are potentially the best based on the contribution of the highest positive values of the general combining ability effects. For these, the number of evaluated crosses per parent varied from two to 110 (Table 3) . Among the 50 best parents, 29 participated of four or more crosses, allowing an acceptable accuracy for the estimates of GCA. Simulated study on the efficiency of partial circulant diallels showed good coincidence of the estimates of GCA with complete diallels, even with small number of crossings per parent (Veiga et al. 2000) . A total of 1225 single crosses would be possible with these parents. The choice of crosses to be performed could consider other criteria, including genetic diversity and complementarity between parents, and specific characteristics according to the demands of each program. Some of the parents with the best GCAs outlined in Table 3 are commercial varieties cropped in Brazil, including RB855453, RB987935, SP832847, SP801816 and SP803280 (Chapola et al. 2013 , Daros 2014 . Only RB855453 was among the eight most planted varieties in 2011 (Barbosa et al. 2012) . 
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Heterogeneity for GCA is of great relevance because the existence of genetic diversity among genotypes is important to generate genetic variability and obtain genetic gains on the variables selected in the T1 stage of the genetic breeding programs.
Specific combining ability
The estimates of SCA effects relative to the 3043 hybrid combinations ranged from 4.080 to -0.948 according to the model by Griffing (1956) . This estimate had a noticeably higher value (4.080) and thus might be considered an outlier regarding the distribution of values concentrated below 2.0. This cross between parents RB945956 and IAC873396 had only 10 genotypes in the first selection stage in one of the environments; nine genotypes were selected for the following stages generating a selection rate of 90%.
As shown by the coefficient of determination (R 2 ), the SCA was high, with approximately 77% of the total variation of the BLUPs of selection (Table 2) . Therefore, the extreme SCA values were noticeably higher in absolute values than the GCA values. Thus, selection may also be performed based on the SCA estimates.
A total of 146,070 hybrid combinations could be obtained using the 541 parents available. Only 3043 of these combinations were evaluated and used to perform the SCA predictions, which was a small percentage of the total that could be studied. Nevertheless, the number of crosses performed was high and might be considered a representative sample of the possible crosses. The genetic potential of the non-evaluated crosses could be estimated based on a reduced model that only analyzed the GCA of those parents (Reis et al. 2005) .
SCA estimates enabled the identification of the most promising hybrid combinations to obtain families for genetic breeding programs. From a practical standpoint, crosses with high potential that were previously underexploited could be exploited using a larger sample. The following were the best hybrid combinations in terms of SCA: RB945956 with IAC87-3396, SP80-1816 with RB855063, RB72454 with RB721012, RB855063 with RB855127, RB008304 with RB92579, and RB955970 with SP91-1049. Table 3 shows that some of the best parents in GCA are involved in the crosses with the highest SCAs. Parent SP83-2847 is noteworthy; this parent had a high GCA and participated in seven of the 45 best crosses. Similarly, parent SP77-5181 ranked 28 th regarding the GCA values (Table 3) and participated in five crosses with good specific combining ability. Parent SP80-1816, which participated in six crosses with the best SCA, was also noteworthy.
The effect of SCA is associated with deviations from the mean cross compared to the expected outcome based on the GCA, which results from genetic complementation between parents. Thus, the selection of hybrid combinations with more favorable SCA estimates involving at least one parent with favorable GCA effects is recommended .
The genetic variability that exists between the parents noticeably indicates the possibility of successful selection. However, the selection rate variable, which is composed of other variables, hinders the comparison of the results obtained in this study with other studies because they are based on primary variables (i.e., each trait is individually evaluated), such as soluble solids (Brix), polarizable sugars (POL), tons of sugarcane per hectare (TCH) and stalk number , Silva et al. 2002 , Bastos et al. 2003 .
GCA has been mostly prioritized in parental selection complemented by SCA, which is also significant for various traits. Thus, it is best to use analyses based on primary variables when selecting individual traits to enable the identification of genotypes or hybrid combinations for the trait of interest. Conversely, the present study demonstrates the viability of using a composite variable to evaluate both parents and hybrid combinations. This procedure allows the use of data from previous cross performances of the parents in a single analysis, thereby enabling the planning of future crosses without conducting diallel crosses, which are labor-intensive and limit the number of parents that may be evaluated. In this case, GCA-based selection should be prioritized as an indicator of the genetic value of the parents. SCA-based selection can be performed within the evaluated set of crosses, and those with the greatest potential may be repeated using a more appropriate sample.
